I. INTRODUCTION
In plasma etching the kinetics of the ions incident on the wafer is crucial in determining the etch rates and anisotropy. This explains the extensive experimental ͓1-8͔, analytical ͓9-11͔, and numerical ͓2,3,10,12-16͔ studies of the ionenergy-distribution function ͑IEDF͒ in capacitively coupled ͑cc͒ radio frequency ͑rf͒ reactors. A good review and analysis of theoretical and experimental investigations of the IEDF are given by Kawamura et al. ͓10͔ . The main points can be summarized as follows.
͑a͒ In collisionless sheaths the crucial parameter determining the shape of the IEDF is the relation ion / rf , where ion is the ion transit time and rf ϭ2/ rf is the rf period. The ion transit time is calculated by ͓10͔
where s is the time-averaged sheath thickness, V s is the average sheath potential drop, M is the ion mass, and e is the electron charge. If ion / rf ӷ1, i.e., at high frequency ͑HF͒, the ions respond to the average sheath potential drop resulting in a narrow IEDF with one or two maxima depending on the value of ion / rf . If ion / rf Ӷ1, i.e., at low frequency ͑LF͒, the ions respond to the instantaneous sheath potential drop resulting in a broad and bimodal IEDF.
͑b͒ In collisional sheaths charge exchange collisions lead to the appearance of secondary maxima at energies lower than the primary maxima, and both charge exchange and elastic collisions shift the IEDF to lower energies.
The sheaths in conventional rf etching reactors are typically collisional. Analytical models assume limiting approximations such as constant sheath width, sinusoidal sheath potential drop, etc., and therefore give only the qualitative features of the IEDF. Experimental measurements as well as numerical methods present more reliable results. Particle-incell ͑PIC͒ simulations of rf discharges are attractive for calculation of the particle energy distributions since the distributions can be obtained self-consistently from first principle ͓17͔. Collisional effects are included by coupling the PIC model with a Monte Carlo ͑MC͒ collision method ͓18 -20͔.
Most of the experimental and numerical papers deal with an Ar plasma because of its simple chemistry ͓1-3,5-7,13,16͔. Feed-gas mixes are usually complex because of the conflicting requirements on the etch rate, selectivity to mask, and anisotropy. Carbon tetrafluoride CF 4 is a basic component in gas mixtures for plasma etching of silicon and silicon dioxide ͓21͔. The purpose of the present work is a detailed numerical investigation of Ar ϩ , CF 3 ϩ , and N 2 ϩ IEDFs in cc rf Ar/CF 4 /N 2 discharges at a range of different pressures, applied voltages, and frequencies, by means of a onedimensional PIC/MC method. In our first paper we presented a one-dimensional PIC/MC model and clarified the plasma structure and parameters in Ar, CF 4 , and Ar/CF 4 discharges ͓22͔. In the next paper the model was extended to examine the discharge structure in a mixture of Ar, CF 4 and N 2 , which is a feedstock gas for etching in industrial cc dual-frequency reactors ͓23͔. Simulations were performed for a 0.8/0.1/0.1 ratio of Ar/CF 4 /N 2 mixture at a pressure of 30 mTorr in single ͑13.56 MHz͒ and dual (2ϩ27 MHz) frequency cc reactors and a comparison between the two frequency regimes was made. The calculated IEDFs were presented along with other results of the model, i.e., potential and electric field distributions, particle densities, and electron energy distribution function. The results show that the LF-HF scheme provides a *Electronic address: Violeta.Georgieva@ua.ac.be significantly wider ion bombardment energy range in comparison with the single HF configuration. Although several other works investigated plasma properties in dual frequency reactors by experimental measurements or numerical simulations ͓e.g., Refs. ͓16͔, ͓24 -30͔͔ detailed studies of the ion bombardment energy are very scarce. For example, only the average ion bombardment energy is given in Refs. ͓24 -26͔. Myers et al. predicted ion energies and angular distributions in single and dual frequency regimes by combining a single and dual frequency plasma sheath model with a Monte Carlo simulation of ion transport ͓16͔.
In the present paper the simulations are carried out over a wide range of pressure, applied voltage, and frequency. One group of calculations is performed for an applied voltage amplitude of 300 V at pressures of 20, 30, 50, 70, 100, and 200 mTorr. Another group of simulations is carried out for applied voltage amplitudes of 200, 300, 500 and 700 V at a pressure of 30 mTorr. Both groups consider a conventional cc rf ͑13.56 MHz͒ reactor. The dependence on the frequency regime is investigated by simulations of the Ar/CF 4 /N 2 mixture at a pressure of 30 mTorr in single ͑13.56 MHz͒ and dual frequency ͑2ϩ27 MHz or 1ϩ27 MHz͒ cc reactors. An analytical model of the IEDF in a collisionless rf sheath in a dual frequency reactor is developed and a comparison of the simulation results with the analytical results is discussed. The time evolution of the IEDF during the rf cycle is also presented.
In Sec. II the input parameters, the outline of the numerical and analytical models, and the collisions included in the simulation are given. In Sec. III the results of the simulations for Ar ϩ , CF 3 ϩ , and N 2 ϩ IEDFs are presented and discussed. Finally, in Sec. IV a summary is given. All cross section data of the ion-neutral collisions used in the model are presented in the Appendix.
II. DESCRIPTION OF THE MODELS

A. PICÕMC model
Two types of reactors are considered in this study. One type is the conventional cc rf ͑13.56 MHz͒ reactor. The other type is a cc dual frequency ͑LF-HF͒ reactor and its schematic diagram is shown in Fig. 1 . The plasma is sustained between two parallel plates, each 20 cm in diameter and separated from the other by 2 cm. One of the electrodes is driven by a dual frequency ͑2ϩ27 or 1ϩ27 MHz͒ power source. The other electrode is grounded. The computation is based on a one-dimensional coordinate space and three-dimensional velocity space PIC/MC algorithm. The motion of the charged particles is simulated by the PIC method using the standard explicit ''leap frog'' finite difference scheme. The collisions between the charged particles are added by combining the PIC model with a MC procedure ͓18 -20͔. In the case of modeling of electronegative discharges the major disadvantage of this method is that it requires a long computational time to reach convergence. The negative charges are confined in the bulk plasma and the only the loss mechanism, i.e., ion-ion recombination, has a relatively low reaction frequency. Kawamura et al. point out many physical and numerical methods of speeding up the PIC calculations ͓31͔. Some of these methods, such as longer ion time steps, different weights for electrons and ions, and improved initial density profiles, are also applied in the present simulation. A more detailed description of the PIC technique can be found in Birdsall and Langdon ͓17͔.
The charged species, which are followed in the model, are electrons, Ar ϩ , CF 3 ϩ , N 2 ϩ , F Ϫ , and CF 3 Ϫ ions. The interactions between the particles are treated by a Monte Carlo method, which is basically a probabilistic approach. To calculate collision probabilities, it is necessary to have the corresponding collision cross-section data, which are not always available. Hence, the present model uses several techniques to define the collision probabilities even when the collision cross sections are unknown.
The electron-neutral collision probability is determined by the null collision method based on cross section data ͓19,20͔. The Ar ϩ -Ar, Ar ϩ -N 2 , N 2 ϩ -N 2 , and N 2 ϩ -Ar collision probabilities are calculated in the same way. The other ion-neutral elastic and reactive collisions included in the model are calculated by an ion-molecule collision model for endothermic reactions ͓32͔. The positive-negative ion recombination and electron-ion recombination probabilities are determined from a recombination rate constant ͓33͔. The outlines of all techniques are given in our previous papers ͓22,23͔. The electron-neutral collisions considered in this simulation, along with the corresponding threshold energies and references, are presented in Table I .
The Ar ϩ -Ar and N 2 ϩ -N 2 elastic isotropic and backward scattering ͑to simulate charge transfer͒ cross sections are taken from Phelps ͓38͔. The cross section data for nonresonant charge transfer between Ar ϩ and N 2 and between N 2 ϩ and Ar are adopted from Spalburg and Gislason ͓39͔.
A complete overview of the ion-CF 4 reactions considered in the model ͑127 in total͒ and of the corresponding thermodynamic threshold energies, is given in Ref. ͓22͔ . Because of the importance of ion-neutral collisions for the calculation of the IEDF all data used in the model are presented in the form of cross sections in the Appendix. The positive-negative ion and electron-ion recombination reactions, the corresponding rate constants, and the references, are presented in Table II .
B. Analytical model of the IEDF in a dual-frequency reactor
The bombardment IEDF is determined by the potential difference across the sheath V s (x,t), the collision frequency ͑i.e., gas pressure͒, the sheath width s, the mass of the ions M, and the applied frequency rf . In the literature, a number of simple analytical models have been applied for a collisionless sheath, assuming a sinusoidal sheath voltage and constant sheath width ͓9-11͔. In HF regime the ions cross the sheath in a time corresponding to many rf cycles and they respond to the average sheath potential drop V s . If the time and space dependence of the sheath voltage is described by ͓11͔
where is a parameter and р1, and x is the position of the ion in the sheath, then the IEDF f (E) of the ions with constant flux ⌫ is a saddle-shaped distribution ͓11͔
with an energy width ⌬E ͓11͔
It is clear that the result of the analytical model presented above cannot be applied for the dual frequency regime, shown in Fig. 1 . To develop a simple analytical model for the dual frequency regime we make the same assumption as in a single HF reactor, except for the wave form of the sheath potential, i.e., a collisionless sheath and a constant sheath width are assumed. The applied voltage is V ϭV HF sin( HF t)ϩV LF sin( LF t), where V HF and V LF are the amplitude, and HF and LF are the applied HF ͑27 MHz͒ and LF ͑1 or 2 MHz͒, respectively. In our simulation the two rf sources have the same voltage amplitude, which has a value of 700 V. The numerical simulation result of the potential across the sheath at the driven electrode in 2 LF cycles for the (2ϩ27) MHz case is presented in Fig. 2͑a͒ . The calculations give also the values of the mean sheath potential V s and the average sheath width s, which are used in the analytical model ͑see below͒. Figures 2͑b͒ and 2͑c͒ show that the sheath potential drop at the driven electrode is better described with the product of 2 harmonic functions than with the sum of them:
where 1 and 2 are parameters and 1 , 2 р1. The parameters 1 and 2 are determined from the plot ͓Fig. 2͑a͔͒ considering two time points at LF tϭ/2 and LF tϭ3/2. The average sheath potential V s is calculated in the simulation. It should be mentioned that when the primary frequency is much higher than the secondary frequency, as in the present reactor, the IEDF and energy width equations are the same for the two analytical waveforms of V s (t), presented in Figs. 2͑b͒ and 2͑c͒. However, the calculated 1 and 2 differ a lot, which results in a big difference in the energy width ⌬E ͓see below Eq. ͑13͔͒.
Next, we assume a spatial dependence of the sheath voltage V s (x,t)ϭV s (t)͓x(t)/s͔ 4/3 ͓see Eq. ͑2͔͒, providing that there are no electrons in the sheath, i.e., exp(eV s /kT e )Ӷ1 ͓11,21͔. Therefore, the equation of motion is
.
͑6͒
To make an analytical integration of Eq. ͑6͒ we assume that the ion path x(t) is close to that corresponding to the average acceleration, i.e. ͓11͔,
where t 0 is the time at which the ion enters the sheath. This approximation is valid as long as the ion transit time ion is longer than or equal to the rf period. In our case this applies In the simulation in the (2ϩ27) MHz case ion / LF is calculated to be 0.9, 1.2, and 0.7 for Ar ϩ , CF 3 ϩ , and N 2 ϩ ions, respectively. Therefore, the assumption presented above can be made. In the ͑1ϩ27͒ MHz case these values are 0.5, 0.6, and 0.4, respectively, which means that the ion path cannot be assumed close to the average, in particular for N 2 ϩ . As will be seen in Sec. III in this case the deviation of the analytical from the numerical results is larger.
Substituting Eq. ͑7͒ in the equation of motion ͑6͒ leads to
Taking into account that HF ӷ LF and Eq. ͑8͒ is true, the time integration of Eq. ͑9͒ yields the velocity
͑10͒
The time of arrival at the electrode t 1 ͓x(t 1 )ϭs͔ is obtained from the average ion path ͑7͒:
Thus, the energy of the ions arriving at the electrode is
and it is spread over the energy width ⌬E, centered at eV s ,
Finally, we obtain the IEDF f (E) of the ions with constant flux ⌫ϭdN/dt 1
shows that the energy width in the dual frequency regime depends only on the applied LF. This result is reasonable because the ion transit time is much longer than the HF period. Indeed, the ratio ion / HF is calculated to be 12, 16, and 10 for Ar ϩ , CF 3 ϩ , and N 2 ϩ ions, respectively. Consequently, the ions respond to the average HF potential, which is a function of the LF ͓see the dashed line in Fig.  2͑a͔͒ .
III. RESULTS AND DISCUSSION
All the calculations are performed for an Ar/CF 4 /N 2 mixture at a ratio of 0.8/0.1/0.1. The gas temperature is set to 300 K. The simulation grid is uniform and it consists of 100 cells. The electron time step is 3.7ϫ10 Ϫ11 s. calculation, the ion time step is set to be 25 times longer than the electron time step. The choice of the grid spacing and the time steps is defined by the accuracy criteria for PIC/MC codes with explicit mover ͓31͔. Figure 3 presents the simulation results of the Ar ϩ ͑a͒, CF 3 ϩ ͑b͒, and N 2 ϩ ͑c͒ IEDFs at the powered electrode, averaged over one HF ͑13.56 MHz͒ cycle in the conventional cc rf reactor at pressures of 20, 30, 50, 70, 100, and 200 mTorr. The applied voltage amplitude is 300 V. At the applied HF the ions traverse the sheath in a time corresponding to many rf cycles and hence the IEDFs reflect the time averaged sheath potential. Therefore, following the analytical models it is expected that in a collisionless sheath the IEDFs will be narrow with one or two peaks and centered at eV s ͓see Eqs. ͑3͒ and ͑4͒, and Refs. ͓9-11͔͔. The collisionless approximation in the present simulation can be made only at a very low pressure. It is clearly seen in Fig. 3 that at a pressure of 20 mTorr the collisional effects in the sheath are not very prominent, especially for the CF 3 ϩ IEDF. In all presented simulations CF 3 ϩ -neutral-elastic collisions are considered; the charge transfer reaction CF 3 ϩ -CF 3 is not taken into account since the density of the CF 3 radicals is much lower in comparison with the CF 4 density, with a value in the order of 10 18 m Ϫ3 in a pure CF 4 discharge ͓42,43͔. Although the ions lose kinetic energy in the reactive collisions ͑see the Appendix͒, their energy distribution is influenced by the reactive collisions only at high pressure ͑200 mTorr͒. Consequently, the CF 3 ϩ IEDF shows the influence of the elastic collisions. With increasing pressure the two peaks coincide and move towards lower energy ͑from 125 eV at 20 mTorr to 110 eV at 200 mTorr͒ ͓Fig. 3͑b͔͒. The calculated averaged sheath potential is 125 V.
A. Effect of pressure
The simulations take into account both elastic and charge transfer ͑resonant and nonresonant͒ collisions between Ar ϩ or N 2 ϩ and Ar or N 2 . Secondary peaks are observed in the Ar ϩ and N 2 ϩ IEDFs, and they are due to the charge exchange collisions ͓see Figs. 3͑a͒ and 3͑c͒ with the CF 3 ϩ IEDF in Fig.   3͑b͔͒ . Obviously, for Ar ϩ and N 2 ϩ ions the charge exchange collision frequency is much higher than the elastic collision frequency ͓11͔. Hence, the Ar ϩ and N 2 ϩ IEDFs mainly present the contribution of the charge transfer collisions ͑see the ion-neutral collision cross sections presented in the Appendix͒. Figures 3͑a͒ and 3͑c͒ show that increasing the pressure leads to increasing the intensity of the secondary peaks. Moreover, the distance between them rises and the number of the peaks decreases. At the same time the primary peaks become less intense and at some pressure, they even disappear. This is caused by the increasing collision frequency in the sheath, which in turn is due to the shorter mean free path. 
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As a result more and more ions take part in at least one collision on their way towards the electrode and their energy is shifted to lower values. These observations are in consistency with a number of works investigating the influence of pressure on the IEDF ͑mainly of Ar ϩ ions͒ considering both elastic and charge transfer collisions ͑e.g., Refs. ͓2-6͔, ͓8͔, ͓10-16͔͒. Figure 4 presents the simulation results of the Ar ϩ ͑a͒, CF 3 ϩ ͑b͒, and N 2 ϩ ͑c͒ IEDFs at the powered electrode, averaged over one HF ͑13.56 MHz͒ cycle in the conventional cc rf reactor at a pressure of 30 mTorr and applied voltage amplitude V rf of 200, 300, 500, and 700 V. It can be seen that the amplitude of the applied voltage has a significant effect on the width of the IEDF and the magnitude of the peaks. Indeed, the average sheath potential increases with increasing V rf , which results in broader IEDFs and in a shift of the primary peaks to higher energies. The influence of the charge transfer and elastic collisions can be observed in the Ar ϩ and N 2 ϩ IEDFs, and in the CF 3 ϩ IEDF, respectively ͑see Fig. 4͒ .
B. Effect of the applied voltage amplitude
The number of secondary peaks and their intensity decreases, and the gap between them increases with increasing applied voltage amplitude. This is related to a drop in the sheath width and a rise in the plasma density, which in turn results in increasing the ion plasma frequency ͓2͔. These simulation results are in consistency with a number of experimental and theoretical works investigating the influence of the applied voltage on the IEDF ͑e.g., Refs. ͓2-8͔, ͓15͔͒. The present detailed investigation of the three different ions (Ar ϩ , CF 3 ϩ , and N 2 ϩ ) demonstrates not only the influence of the pressure and applied voltage on the IEDF but also the influence of the different types of ion-neutral collisions. A comparison with the IEDFs at the same operating conditions in the single frequency reactor ͑Fig. 4 at applied voltage amplitude 700 V, i.e., the lowest plots͒ shows that the dual frequency regime provides a significantly wider ion bombardment energy range, which is one of the main advantages of the dual frequency reactors used in plasma etching ͓23-30͔. For example, in the HF regime the maximum Ar ϩ ion energy is calculated to be only 350 eV, while in the (2 ϩ27 MHz) regime it is calculated to be 700 eV. The increase of the maximum ion energy with the addition of low frequency to the plasma system is also predicted by the numerical simulation, presented by Myers et al. ͓16͔. In the presence of LF the ion transit time ion is less than the LF period LF , i.e., the ions cross the sheath in a fraction of the LF cycle and they reach the electrode with an energy equal to the instantaneous sheath potential drop ͑see the calculated ion / LF for the three investigated ions, presented in Sec. II͒ ͓10,11͔.
C. Effect of the applied frequency regime
The two outstanding peaks in the profiles, presented in Fig. 5 , correspond to the averaged minimum and maximum sheath potentials ͓cf. Fig. 2͑a͒ , dashed line͔. The peak intensity at the lower energy is higher because the sheath potential has an average minimum value for a longer time than an average maximum value ͓4,10͔. The influence of the collisions is the same as discussed in the conventional cc rf ͑13.56 MHz͒ reactor ͑see above͒. However, at the ͑1ϩ27͒ MHz scheme secondary peaks are observed in the CF 3 ϩ IEDF although no charge transfer collisions are included. The reason is probably the frequency of 1 MHz ͑2 times lower compared to 2 MHz͒ in which the ions respond to the instantaneous HF potential as a function of the LF.
The results of the simple analytical model developed in Sec. II are in good agreement with the simulation results in the ͑2ϩ27͒ MHz regime ͑Fig. 5, upper part͒ and to a lesser extent with the simulation results in the ͑1ϩ27͒ MHz regime ͑Fig. 5, lower part͒. Although the analytical model does not consider collisions we suggest that this consistency is a result of the good sheath potential wave form approximation. The energy width is calculated from Eq. ͑13͒ with the values of V s and average sheath width s, obtained from the simulation. The parameter 2 is determined from the plot of the sheath potential ͑see Sec. II͒. In the ͑2ϩ27͒ MHz regime the calculated V s , s, and 2 are equal to 445 V, 6.8ϫ10 Ϫ3 m, and 0.55, respectively. The plots are fitted in such a way that the analytical value of f (E) at eV s is equal to that calculated in the simulation. Hence, we should not focus on the absolute values of the analytical curves, but only on the energy width and the position of the two peaks. As can be seen in the ͑1ϩ27͒ MHz scheme 2 ion / LF is larger than but close to 1 ͑see Sec. II͒ and consequently, Eq. ͑8͒ is not valid, which leads to a discrepancy between the numerical and analytical calculations of the energy width and the position of the peaks ͑see calculated to be 285 V͒ ͓Figs. 6͑a͒ and 7͑a͔͒. In the dual frequency regime ͓Figs. 6͑b͒ and 7͑b͔͒ a great modulation of the IEDF is observed during the LF cycle. The ion transit time is close to the LF period ͑see the calculated ion / LF given in Sec. II͒ and the ions respond to the instantaneous sheath potential. The time dependence in the rf cycle presented in Figs. 6 and 7 is a demonstration of the main observation summarized in the Introduction.
IV. SUMMARY
Ar ϩ , CF 3 ϩ , and N 2 ϩ IEDFs are numerically investigated in Ar/CF 4 /N 2 discharges in cc single and dual frequency reactors by a one-dimensional PIC/MC model. The model considers electron-neutral collisions, various kinds of collisions of ions (Ar ϩ , CF 3 ϩ , N 2 ϩ , F Ϫ , and CF 3 Ϫ ) with neutral, positive-negative ion, and electron-ion recombination. The influence of pressure, applied voltage amplitude, and applied frequency regime on the IEDFs is discussed.
The simulations are carried out over a wide range of pressure and applied voltage amplitude covered in the conventional cc plasma etching reactors. The results show that the IEDFs shift toward low energies with increasing pressure or decreasing applied voltage amplitude. The influence of the different types of ion-neutral collisions is presented for the three investigated ions.
The dependence on the frequency regime is investigated by simulations in single ͑13.56 MHz͒ and dual frequency ͑2ϩ27 MHz or 1ϩ27 MHz͒ cc reactors. It is observed that the dual frequency regime provides a significantly wider ion bombardment energy range in comparison with the single frequency regime. An analytical model for the IEDF in a collisionless sheath for the dual frequency reactor is developed and a comparison with the numerical calculation is discussed. The analytical model can be used to predict the position of the primary peaks.
Finally, the time dependences of the IEDFs in an rf cycle in single ͑HF͒ and dual ͑LF-HF͒ frequency reactors are presented. It is shown that in the HF regime the IEDF slightly depends on the phase of the rf cycle, whereas in the LF-HF regime the IEDF is greatly modulated during the LF cycle.
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APPENDIX
Because of the importance of ion-molecule collisions for the calculation of the IEDFs, we present the data about ionneutral collisions used in the model in some more detail. transfer͒ cross sections as a function of the laboratory ion energy in eV, and Ar ϩ -N 2 charge transfer cross sections as a function of the relative energy in eV ͓38,39͔. The Ar ϩ -CF 4 and Ar ϩ -N 2 elastic collisions are not considered in the present simulations since the density of CF 4 and N 2 is low compared to that of Ar and consequently, the probabilities for collisions are small. Similarly, N 2 ϩ -CF 4 and CF x ϩ/Ϫ ions-N 2 collisions are neglected in the model. Figure 9 shows the N 2 ϩ -N 2 elastic isotropic scattering and charge transfer, and N 2 ϩ -Ar elastic isotropic scattering cross sections as a function of the laboratory ion energy in eV, and N 2 ϩ -Ar charge transfer cross section as a function of the relative energy in eV ͓38,39͔. The cross section for N 2 ϩ -N 2 elastic isotropic scattering Q i is approximated up to 50 eV to the Langevin cross section for polarization scattering and for energies higher than 50 eV to (Q m Ϫ2Q CT ) as was done for the Ar ϩ -Ar elastic isotropic cross section in Ref. ͓38͔ . Q m and Q CT are the momentum and charge transfer cross sections, respectively. The data for N 2 ϩ -Ar elastic isotropic scattering cross section are estimated from the data available for the Ar ϩ -Ar collisions taking into account that Q i ϳ1/ͱ, where is the reduced mass. In the model, the CF x ϩ/Ϫ -ion-neutral (CF 4 and Ar͒ collisions are treated by means of the ion-molecule collision model for endothermic reactions, described in Refs. ͓22͔, ͓32͔, and ͓45͔. The CF 3 ϩ -CF 4 and Ar elastic and reactive collision cross sections, the F Ϫ -CF 4 reactive collision cross sections, and the CF 3 Ϫ -CF 4 reactive collision cross sections are presented in Figs. 10͑a͒, 10͑b͒ , and 10͑c͒, respectively. The cross sections for the reactive collisions r are calculated from the probabilities, given by Eq. ͑5͒ in Ref. ͓22͔ in case that the relative energy of the reactants is greater than the least threshold energy ⌬E, and the randomly sampled dimensionless impact parameter ␤р1. Let us remind the reader that the ''elastic reactive'' collision ͑see Ref. ͓22͔͒ is treated as elastic with isotropic scattering, i.e., the velocity of the ion after the collisions is calculated by Eq. ͑63a͒ in Ref.
͓44͔. Elastic isotropic scattering is also assumed if the relative energy of the reactants is less than the least threshold energy and ␤р1. where ␤ ϱ is set to 3 and R is a random number between 0 and 1 ͑see Ref. ͓22͔͒ the contribution of the anisotropic scattering prevails that of the isotropic scattering. The cutoff parameter ␤ ϱ is the value of ␤, for which the deflection angle is negligibly small ͓22,45͔.
In the case of reactive collisions the velocities of the products are calculated based on the energy and momentum conservation, which is illustrated by the following example ͓45͔. The reaction with threshold energy ⌬E CF 3 ϩ ϩCF 4 →CF 2 ϩ ϩCF 3 ϩ2F
is divided into three stages. A complex C 2 F 7 ϩ ion is formed and then the excited ion and neutral ͓45͔ CF 3 ϩ ϩCF 4 →͓C 2 F 7 ϩ ͔→͑ CF 3 ϩ ͒*ϩ͑ CF 4 ͒*.
If the mass and velocity before collision of the ion and neutral are M i , V ជ i and M n , V ជ n , respectively, the relative velocity is gϭ͉V ជ i ϪV ជ n ͉, and the reduced mass is , the energy and momentum conservation are 1 2 g 2 ϭ 1 2 g 1 2 ϩ⌬E, ͑A1͒
where g 1 ϭ͉V ជ 1i ϪV ជ 1n ͉, V ជ 1i and V ជ 1n are the relative velocity, and the velocities of the excited molecules. Isotropic scattering is assumed, i.e., V ជ 1i ϪV ជ 1n ϭg 1 R ជ , where R ជ is the unit vector with random direction ͓45͔.
In the next step, dissociation of the excited molecules follows ͑ CF 3 ϩ ͒*→CF 2 ϩ ϩF, ͑ CF 4 ͒*→CF 3 ϩF.
Assuming that all internal energy of the excited molecules is used for dissociation, and applying again the energy and momentum conservation, the velocities of CF 2 ϩ and F are equal to that of the excited ion V ជ 1i , and the velocities of CF 3 and F are equal to that of the excited neutral V ជ 1n ͓45͔. Since only CF 3 ϩ , F Ϫ , and CF 3 Ϫ ions ͑i.e., not the other positive CF x ions and radicals͒ are followed in the model we do not present the cross section of every reaction, given in Ref. ͓22͔ . Figure 10͑a͒ shows the sum of all reactive CF 3 ϩ ϩCF 4 collisions ͑3͒, the sum of reactive collisions in case of dissociation of the initial ion, i.e., loss of the ion ͑4͒, and the sum of the reactive collisions after which one of the products is the initial ion ͑5͒. In the last case ͑5͒ there is no production of the ion, only its energy is reduced more or less significantly ͑see above͒. However, this kind of collision cannot be considered as symmetric charge transfer since the postcollision velocity of the ion is not close to the thermal velocity of the neutrals.
Similarly, Fig. 10͑b͒ presents cross sections of the sum of all reactive F Ϫ ϩCF 4 collisions ͑1͒, the sum of electron detachment collisions ͑2͒, and the sum of reactive collisions after which F Ϫ is one of the products ͑3͒. Finally, Fig. 10͑c͒ shows cross sections of the sum of all reactive CF 3 Ϫ ϩCF 4 collisions ͑1͒, the sum of electron detachment collisions ͑2͒, the sum of reactive collisions after which F Ϫ or CF 3 Ϫ is one of the products ͑3͒ or ͑4͒, respectively.
The presented theoretical cross section of the sum of all reactive CF 3 ϩ -CF 4 collisions is about four times less in the range of relative energy 20-200 eV and the theoretical cross section of the electron detachment F Ϫ -CF 4 is one order of magnitude lower in the range of relative energy 10-200 eV than the values experimentally measured by Peko et al. ͓46͔ . In a future work we will investigate the influence of the two cross section sets on the results.
